The purpose of this anatomical study was to explore the morphological variations of the semitendinosus and gracilis tendons in length and cross-section and the statistical relationship between length, cross-section, and body height.
The purpose of this anatomical study was to explore the morphological variations of the semitendinosus and gracilis tendons in length and cross-section and the statistical relationship between length, cross-section, and body height.
We studied the legs of 93 humans in 136 cadavers. In 43 specimens (46.2%) it was possible to harvest the tendons from both legs.
We found considerable differences in the length and cross-section of the semitendinosus and the gracilis tendons with a significant correlation between the two. A correlation between the length of the femur, reflecting height, and the length of the tendons was only observed in specimens harvested from women. The reason for this gender difference was unclear. Additionally, there was a correlation between the cross-sectional area of the tendons and the length of the femur. Surgeons should be aware of the possibility of encountering insufficient length of tendon when undertaking reconstructive surgery as a result of anatomical variations between patients.
When undertaking reconstruction of the anterior cruciate ligament (ACL) using semitendinosus and gracilis autografts, we have observed a considerable variation in the morphology of these two tendons. A literature search did not reveal useful information about anatomical variations of these tendons. We therefore sought to clarify any variations and their frequencies. The objectives were to determine any statistical relationship between the length and crosssection of the semitendinosus and gracilis tendons, whether height is a reliable predictive factor for their length and cross-section, and to explore the frequency with which they are of adequate length for double or quadruple grafts.
Methods and Materials
A total of 136 cadaver legs (67 left, 69 right) in 93 humans (43 male, 50 female) was studied. The mean biological age of the cadavers used was 71.5 years (49 to 92) (Table I) and they were preserved according to Thiel's method 1 which allows the tendons to maintain their qualities. The legs where surgery had been undertaken in the past, and those with associated pathology that could distort the local anatomy, were excluded. This allowed the study of both legs in 43 (46.2%) of the 93 specimens. After careful dissection of the cutaneous and subcutaneous tissues, the semitendinosus and gracilis tendons were harvested. In order to determine their crosssection the following method was used: while compressing the tendon to 2 mm in the area of its musculotendinous junction using a sliding caliper, its width was measured by a directly adjacent second caliper (Fig. 1) . The musculotendinous junction in every case was identified with the use of a magnifying glass as the region where the most distal muscle fibres were incorporated into the tendon. The tendon's cross-sectional area was calculated by multiplying its width by its thickness. It was then stripped of surrounding muscle tissue (Fig. 2 ) using an Arthrex tendon stripper (Arthrex Inc., Naples, Florida), and its length measured using a sliding caliper, while holding it in continuous tension (1 kg) with a spring balance.
The anthropological literature suggests that the length of the femur can be related to height. 2 The length of the femur in all specimens was determined by measuring the distance between the anterior superior iliac spine and the lateral condyle, while the hip and knee were held in a neutral position. 2 This length was correlated to the length of the harvested tendons.
Statistical analysis. Data were entered into a computer database and analysed. Continuous data are reported as the mean and SD , and categorical data frequencies, with percentages, are displayed. A mixed model with specimen as a random factor was used to account for the correlations between measurements on the same subject. Correlations between continuous data are assessed with Pearson's coefficient of correlation. All computations were performed using the statistical package SAS 9.1.3 (Statistical Analysis Systems, Cary, North Carolina). A p-value < 0.05 was considered statistically significant.
Results
We found considerable differences in the length and crosssection of the semitendinosus and gracilis tendons (Table  II) . The mean length of the semitendinosus tendon was 263.7 mm ( SD 28.32), with a mean cross-section of 11.4 mm 2 ( SD 2.06). The mean length of the gracilis tendon was 232.5 mm ( SD 31.43), with a mean cross-section of 7.9 mm 2 ( SD 1.89). In the mixed model for the length of the semitendinosus and gracilis tendons, respectively, only the length of the femur had a statistically significant influence (semitendinosus, p = 0.043; gracilis, p = 0.023). For the cross-section of the semitendinosus and gracilis tendons a statistically significant difference in gender was observed (semitendinosus, p = 0.004; gracilis, p = 0.012). Males had a significantly larger semitendinosus tendon cross-section than females (males: 12.3 mm 2 ( SD 1.76), females: 10.6 mm 2 ( SD 1.99)) and a significantly larger gracilis tendon cross-section than females (males: 8.6 mm 2 ( SD 2.09), females: 7.3 mm 2 ( SD 1.47)).
The shortest semitendinosus tendon was at least 200 mm long; 11% (15) of the gracilis tendons were shorter than this. A total of 18.4% (25) of the semitendinosus tendons and 59.6% (81) of the gracilis tendons were shorter than 240 mm. Only 30.9% (42) of the semitendinosus tendons were 280 mm or longer and only 22.8% (31) of the gracilis tendons were 260 mm or longer.
Correlations were found between the length of the femur and the length of the two tendons in the whole study population (semitendinosus: r = 0.23, p = 0.007; gracilis: r = 0.30, p < 0.001). However, according to gender this relationship was seen only in females (semitendinosus: Photograph showing that the calculation of the tendon cross-section was made by compressing the tendon to 2 mm (elliptical mark and arrow) in the area of the musculotendinous junction (1) using a sliding caliper (2), the width was measured with a directly adjacent second sliding caliper (3). Correlations between the cross-section of the tendon and the length of the femur were also detected (semitendinosus: r = 0.29, p = 0.001; gracilis: r = 0.27, p = 0.001). In specimens where both legs were examined, a significant correlation between the length and cross-section of the tendons of the two sides was found.
No correlation between the length of the tendons, their cross-section, and age was found in the whole study population.
Discussion
Although ACL reconstruction by means of semitendinosus and gracilis autografts has become a popular procedure, descriptions of the morphologies of these two tendons are rare. 3, 4 Variations between these two tendons are not described in textbooks of anatomy. [5] [6] [7] Some authors have described the surgical anatomy of the pes anserinus. [8] [9] [10] Tillett et al 11 analysed the mean site of bifurcation of the tendons in relation to the tibial tuberosity in 31 cadaver knees. Candal-Couto and Deehan 12 examined the variations of the accessory bands of the two tendons in ten adult cadaver legs.
There are two reports of the length and cross-section of the semitendinosus and gracilis tendons. 3, 4 Both publications present a small number of cases and do not analyse the relationship between length, cross-section and height. Tohyama et al 4 measured the length and cross-sectional area of these two tendons in eight human specimens, whereas Noyes et al 3 measured the length and cross-section of 11 semitendinosus and 17 gracilis tendons comparing them with other types of autografts used in reconstruction of the knee ligaments. 13 Various techniques for ACL reconstruction using semitendinosus and gracilis tendons have been described. [13] [14] [15] We investigated how often these tendons have sufficient length (between 200 mm and 240 mm) to permit reconstruction using the double-stranded tendon technique. 10, 14 We found that the shortest semitendinosus tendon was 200 mm long and 11% of the gracilis tendons were shorter than 200 mm. A total of 18.4% of the semitendinosus tendons and 59.6% of the gracilis tendons were shorter than 240 mm. Our results show that a double-strand graft from a single semitendinosus tendon has a mean length of 131.9 mm (100 to 185), and a mean cross-section of 22.7 mm 2 (12 to 32). A double-stranded gracilis tendon graft has a mean length of 116.3 mm (80 to 150) and a mean cross-section of 15.8 mm 2 (8 to 28). Cha et al 15 advise a double-bundle ACL reconstruction using two fourstrand grafts, with a minimal graft length of 280 mm for semitendinosus and 260 mm for gracilis. In our study only 30.9% of the semitendinosus tendons were 280 mm or longer and only 22.8% of the gracilis tendons were 260 mm or longer. As a result, this technique can be successful in less than a third of patients. Our findings indicate that a four-strand graft from a single semitendinosus tendon has a mean length of 65.9 mm (50 to 92.5) and a mean cross-section of 45.4 mm 2 (24 to 64); the length of a quadruple gracilis tendon graft is a mean of 58.1 mm (40 to 75) with a mean cross-section of 31.6 mm 2 (16 to 56). An adequate cross-section of the harvested tendons is fundamental for stable ACL reconstruction. The relationship between cross-section and graft strength has been described by Noyes et al, 3 who explored the biomechanical qualities of different human ligament grafts used for ACL reconstruction. In their report the semitendinosus and gracilis tendons were found to develop the highest maximum stress (maximum load divided by initial crosssectional area) of the studied ligament autografts. 3 The statistical evaluation in our study shows a significant correlation between the length and the cross-section of the tendons. In addition, the tendons in males had a larger cross-section than those in females. There was a significant correlation between height and the cross-section of both the tendons in all the specimens, suggesting that height may be used as a predictive factor for the crosssection of the tendons. Tuman et al 16 related the diameter of semitendinosus and gracilis to height, mass, age and gender in 106 patients. They concluded that height was the best predictor of hamstring tendon diameter, particularly in women. 16 Significant correlations between the length of the femur and the length of both tendons were only found in females, and thus height can be used as a predictive factor for the length of tendons in women only. The reasons for these gender differences remain unclear.
One limitation of this study was the relatively old age of the specimens (49 to 92 years). The published literature reveals information regarding age-dependent changes in tendon length and cross-section. 16 We found no significant correlation between the length of the tendons, their cross-section, and age. Tuman et al 16 related hamstring graft diameter in 106 patients undergoing ACL reconstruction using four-strand semitendinosus-gracilis autografts, to age (32.9 years, SD 13.0) and reported a relationship between the two variables (r = 0.16, p = 0.05).
This study demonstrates that some techniques for reconstruction of the ACL cannot be applied to every patient because of inadequate tendon length and width. Insufficient tendon length may be caused by anatomical variations rather than tendon harvesting technique.
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